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•  Entropy  change  of  LiMno.67Feo.33PO,} 
follows  the  Fe  and  Mn  redox  reaction 
regions. 

•  Substituting  Mn  for  Fe  changes  the  Fe 
redox  couple  entropy  change  profile. 

•  The  change  is  suggested  to  be  due  to 
changes  in  Fe  redox  couple  reaction 
mechanism. 

•  Li4Ti50i2  shows  a  typical  two-phase 
reaction  entropy  change  except  for 
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•  The  reversible  heat  generation  of  a 
LiMno.67Feo.33P04/Li4Ti50!2  cell  is 
simulated. 
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The  combination  of  LiMno.67Feo.33P04  positive  and  Li4TisOi2  negative  electrode  is  studied  in  terms  of  its 
entropy  change  behavior,  which  affects  the  reversible  heat  generation  of  a  lithium-ion  cell.  This  electrode 
combination  is  especially  interesting  for  large  applications,  as  it  is  proposed  to  be  a  very  safe  choice 
having  still  an  adequate  energy  density.  The  entropy  change  of  LiMno.67Feo.33PO,}  and  Li4TisOi2  electrode 
materials  is  measured  at  different  states  of  charge  using  a  potentiometric  method.  The  results  are 
compared  with  conventional  electrode  materials,  LiFeP04  and  artificial  graphite.  The  entropy  change  of 
LiMno.67Feo.33P04  is  found  to  follow  the  distinct  plateaus  of  Fe2+/Fe3+  and  Mn2+/Mn3+  redox  couples  and 
to  be  clearly  different  from  LiFeP04.  This  difference  is  suggested  to  be  due  to  single-phase  solid  solution 
regions,  originating  from  effects  of  substituting  Mn  for  Fe.  For  Li4TisOi2,  mostly  a  constant  entropy 
change  typical  for  a  two-phase  reaction  is  observed,  except  for  the  region  near  0%  state  of  charge.  The 
data  from  individual  electrodes  is  used  to  simulate  and  compare  the  entropy  change  behavior  and  thus 
the  reversible  heat  generation  rate  of  different  electrode  combinations. 


©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  have  found  applications  in  large  systems, 
like  electric  vehicles  and  energy  storage  applications,  which  have 
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emphasized  the  matters  of  safety,  cycle  life  and  cost.  Although 
many  factors  affect  the  battery  pack  behavior,  the  cell  level  safety  is 
always  fundamental  and  it  depends  on  the  electrode  materials’ 
properties. 

Traditionally,  lithium-ion  batteries  have  used  lithium  cobalt 
oxide  LiCo02  (LCO)  at  the  positive  electrode  and  graphite  at  the 
negative  electrode.  Severe  safety  problems  and  the  high  cost  and 
toxicity  of  cobalt  restrict  the  use  of  LCO  in  large  batteries.  On  the 
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negative  electrode  side,  the  potential  of  lithium  intercalated 
graphite  (0.1— 0.2  V  vs.  Li/Li+)  is  outside  the  electrolyte  stability 
window,  causing  the  formation  of  a  passivating  solid  electrolyte 
interface  (SEI)  layer  on  the  graphite  electrode  surface.  The  insta¬ 
bility  of  this  SEl-layer  and  the  relatively  large,  10%  volume  change  of 
graphite  lattice  during  lithium  intercalation/deintercalation  restrict 
the  cycle  life  and  stability  of  graphite  based  cells.  In  addition,  the 
low  potential  of  graphite  negative  electrode  introduces  a  risk  of 
lithium  plating  and  a  consequential  short  circuit,  especially  when 
charged  with  higher  currents  and  at  cold  temperatures. 

To  overcome  problems  at  the  graphite  negative  electrode, 
lithium  titanate  L^TisO^  (LTO)  has  been  proposed  as  a  promising 
alternative  [1—4],  LTO  is  a  very  safe  material:  its  equilibrium  po¬ 
tential  lies  relatively  high,  at  1.55  V  vs.  Li/Li+  [1],  preventing  SEI- 
layer  formation  and  the  risk  of  lithium  plating  [5],  This  enables 
the  safe  use  of  high  charging  currents  and  charging  at  cold  tem¬ 
peratures,  but  also  decreases  the  obtainable  cell  voltage.  The  cycle 
life  of  an  LTO  electrode  is  excellent  as  it  is  a  so  called  “zero-strain 
material",  experiencing  almost  no  change  in  lattice  dimensions 
upon  lithium  intercalation/deintercalation  [1,6—8], 

On  the  positive  electrode  side,  LCO  material  has  been  replaced 
with  lithium  iron  phosphate  LiFeP04  (LFP)  in  many  applications. 
LFP  is  a  very  safe  material  due  to  its  stable  olivine  structure; 
furthermore,  it  is  non-toxic  and  inexpensive.  On  the  other  hand,  LFP 
shows  poor  electric  and  ionic  conductivity,  but  its  electrochemical 
performance  has  been  successfully  improved  by  coating  the  parti¬ 
cles  with  conductive  carbon  layer  and  by  minimizing  the  particle 
size  [9,10].  However  the  equilibrium  potential  of  LFP  is  relatively 
low,  3.4  V  vs.  Li/Li  [11],  when  compared  to  LCO.  Thus  when 
combining  LFP  and  LTO,  the  theoretical  cell  voltage  remains  low, 
only  at  1.85  V.  This  decreases  the  energy  density  of  an  LFP/LTO  cell 
substantially. 

For  increasing  the  cell  voltage  and  energy  density  without 
compromising  safety,  combining  LTO  with  other  olivine  structured 
phosphates  than  LFP  seems  to  be  an  interesting  choice.  One 
promising  candidate  is  lithium  manganese  phosphate  LiMnP04 
(LMP),  which  has  a  high  equilibrium  potential  of  4.1  V  vs.  Li/Li+  [  11  ]. 
However,  the  performance  of  pure  LMP  as  electrode  material  has 
some  serious  limitations:  very  poor  electronic  conductivity  (even 
worse  than  that  of  LFP)  [12—14],  structural  instability  due  to  lattice 
distortion  around  Mn3+  caused  by  the  strong  electron— lattice 
interaction  (Jahn— Teller  effect),  and  the  consequential  lattice 
mismatch  between  LiMnP04  and  MnP04  14—16],  These  factors 
result  in  a  low  rate  capability  and  large  polarization  [12,13],  and 
consequently  not  all  the  theoretical  capacity  of  LMP  can  be  utilized. 

A  compromise  is  to  combine  LMP  and  LFP  by  creating  a  mixed 
system  of  LiMnyFei_yP04  (LMFP),  which  is  a  solid  solution  between 
the  two  olivine  compounds  LiMnP04  and  LiFeP04  [  11,14],  consisting 
of  naturally  abundant,  non-toxic  elements.  LMFP  shows  two 
distinct  voltage  plateaus;  one  for  the  Fe2+/Fe3+  and  one  for  the 
Mn2+/Mn3+  redox  couple,  and  the  high  potential  of  Mn2+/Mn3+ 
raises  the  material’s  average  potential  compared  to  LFP.  Thus  by 
increasing  the  Mn  content,  higher  cell  voltages  and  consequently 
also  higher  energy  densities  can  be  obtained.  However,  the  mate¬ 
rial's  electrochemical  performance  deteriorates  with  the  increasing 
Mn  content  [12,14,17].  LMFP  materials  have  been  reported  to  be 
unstable  and  not  able  to  deliver  their  full  capacity  at  higher  Mn 
contents  than  y  >  0.8  [11,14,18],  due  to  having  the  limitations  of 
pure  LMP.  Typically,  Mn  contents  of  0.6  <y  <  0.8  are  suggested  to  be 
used  [14,17—21  ]  in  order  to  maximize  the  energy  density.  In  terms 
of  thermal  safety,  LMFP,  being  a  solid-solution  of  two  olivine 
compounds,  is  expected  to  resemble  LFP.  However,  there  is  some 
discrepancy  in  results.  LMP  has  been  suggested  to  be  thermally 
unstable  in  the  delithiated  (MnP04)  form  [22—24],  which  would 
put  the  thermal  stability  of  LMFP  in  question.  On  the  other  hand, 


other  studies  have  shown  a  greatly  improved  thermal  stability  of 
LMFP  in  comparison  to  layered  oxide  cathode  materials  [20,25],  or 
even  found  no  evidence  of  lower  thermal  stability  of  LMFP  or  LMP 
compared  to  LFP  [26].  Despite  the  high  potential  of  Mn2+/Mn3+ 
redox  couple,  the  reactivity  of  LMFP  with  standard  electrolyte  so¬ 
lutions  has  been  predicted  to  be  relatively  low,  because  phosphates 
are  less  surface  active  with  electrolyte  species  than  layered  oxide 
high-voltage  cathode  materials  [19,27].  Still,  film  formation  on 
LMFP  electrode  surface  has  been  demonstrated  [28],  The  combi¬ 
nation  of  LMFP  and  LTO  seems  to  be  a  very  promising  alternative  for 
a  next  generation  lithium-ion  battery  and  the  combination  has 
been  presented  in  literature  [19,21].  LMFP/LTO  cell  could  give  a 
voltage  of  2.5  V,  when  operating  at  SOCs  at  the  higher  potential  Mn 
plateau  in  LMFP. 

In  addition  to  the  performance  characteristics,  electrode  mate¬ 
rials  affect  the  cell's  thermal  behavior.  As  new  lithium-ion  battery 
applications  often  require  large  battery  packs,  heat  control  and 
cooling  systems  become  more  critical.  For  designing  a  suitable 
cooling  system,  the  amount  of  heat  that  is  generated  by  an  indi¬ 
vidual  cell  has  to  be  known.  The  heat  generation  of  a  lithium-ion 
cell  and  its  dependence  on  the  positive  and  negative  electrode 
materials  are  discussed  here  next.  More  detailed  discussion  can  be 
found  in  a  previous  work  [29]  and  in  literature  elsewhere  [30,31], 

The  total  heat  generation  rate  Qiotai  of  a  lithium-ion  cell  consists 
of  irreversible  and  reversible  parts  as  follows  30—32]: 

Qtotal  =  Qirreversible  +  Qreversible  =  +  TlsS  (1 ) 

where  I  is  the  current  value  (discharge  current  is  here  determined 
to  be  positive),  Rj  is  the  cell  internal  resistance  and  AS  is  the  entropy 
change.  Negative  Q  implies  an  exothermic  cell  reaction  and  heat 
transfer  from  the  cell  to  the  surroundings.  On  the  contrary,  positive 
Q  indicates  that  heat  is  absorbed  to  the  cell.  Qirreversible  is  always 
negative  and  associated  with  heat  production  whereas  the  sign  of 
Qreversible  depends  on  the  sign  of  AS  and  current  direction.  The 
contributions  of  Qirreversible  and  Qreversible  define  the  sign  and 
magnitude  of  Qtotal  that  is  the  amount  of  heat  the  cell  is  either 
evolving  or  absorbing. 

The  entropy  change  is  a  measure  of  the  ordering  or  disordering 
of  lithium-ions  in  the  electrode  material  lattices.  Increased  order 
results  in  a  negative  entropy  change  as  charge  is  passed  through  the 
cell,  whereas  a  positive  entropy  change  implies  increased  disorder. 
The  overall  cell  entropy  change  consists  of  the  positive  and  negative 
electrode  contributions.  In  the  cell  discharge  direction,  the  corre¬ 
sponding  entropy  changes  are  for  reduction  at  the  positive  and 
oxidation  at  the  negative  electrode.  The  measured  values  in  this 
work  are  for  the  reduction  reaction.  Thus  the  entropy  change  values 
measured  for  negative  electrodes  have  to  be  reversed  in  sign  to  give 
the  entropy  change  for  oxidation.  This  gives  for  the  full  cell 
discharge  direction  entropy  change: 

^-Tull  cell,  discharge  =  ^positive  electrode,  reduction 

'  ^negative  electrode, oxidation 
=  “^positive  electrode,  reduction 
—  ASnegative  electrode,  reduction 

Entropy  change  can  be  determined  potentiometrically  or  calo- 
rimetrically.  In  this  work,  the  potentiometric  method  was  used, 
where  entropy  change  is  related  to  the  cell  open  circuit  voltage 
(OCV)  through  the  Gibbs  free  energy  change  [33],  This  is  expressed 
as: 


OCV=  - 


AH 

nF 


+ 


TAsS 

nF 


(3) 
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where  n  =  1  for  a  lithium-ion  cell.  When  OCV  is  recorded  at 
different  temperatures,  the  entropy  change  can  be  calculated  from 
the  slope  as  follows: 

(4) 

In  this  work,  the  entropy  change  behavior  at  different  states  of 
charge  was  measured  for  LMFP  (LiMno.67Feo.33P04)  and  LTO  elec¬ 
trode  materials.  To  our  knowledge,  the  entropy  change  of  LTO 
materials  has  been  studied  only  a  little  [32,34  and  the  entropy 
change  of  LMFP  materials  only  by  Dodd  [35],  who  performed 
thermodynamic  measurements  on  LiMno.2Feo.sPO4.  However,  to 
our  knowledge,  this  is  the  first  time  that  an  LMFP  material  with  a 
high  Mn  content  is  studied  in  terms  of  the  entropy  change.  More¬ 
over,  although  the  LMFP/LTO  combination  has  been  studied  for  its 
electrochemical  performance,  its  thermal  characteristics  have  not 
been  highlighted.  As  stated,  to  be  able  to  exactly  determine  the  cell 
level  heat  generation  and  the  battery's  thermal  behavior,  the  en¬ 
tropy  change  behavior  of  the  positive  and  negative  electrode  ma¬ 
terials  has  to  be  taken  into  account.  It  is  also  important  to  compare 
the  different  chemistry  combinations  in  order  to  find  the  beneficial 
and  also  the  unfavorable  pairings  of  positive  and  negative  elec¬ 
trodes  in  terms  of  the  cell’s  net  entropy  change  and  thus  the 
reversible  heat  generation  rate.  The  entropy  change  measurements 
were  performed  here  potentiometrically  using  half-cells  with  a 
metallic  lithium  counter  electrode.  A  confirming  experiment  was 
done  with  an  LMFP/LTO  full  test  cell.  The  origins  of  the  entropy 
change  characteristics  are  discussed  and  the  results  are  compared 
with  our  previous  study  of  LFP  and  artificial  graphite  [29],  The 
entropy  change  behavior  of  LMFP  is  observed  to  significantly  differ 
from  LFP.  LTO  material  shows  an  entropy  change  behavior  typical 
for  a  two-phase  reaction,  except  for  the  near  to  0%  SOC  composi¬ 
tion.  In  addition,  the  effect  of  combining  different  positive  and 
negative  electrodes  on  the  full  cell  net  entropy  change  and  conse¬ 
quently  on  the  cell's  thermal  behavior  is  simulated. 

2.  Experimental 

2.1.  Electrode  slurry  preparation 

Electrode  slurries  were  prepared  by  first  dissolving  poly- 
vinylidene  fluoride  (PVDF)  (Solef  5130)  in  N-methylpyrrolidone 
(Ashland)  and  then  adding  carbon  black  (Timcal  SuperC  65)  and  the 
active  material  powder  (LMFP  or  LTO).  The  mixing  was  done  with  a 
dispergator  mixer  (1KA  T25).  The  tested  electrode  materials  were 
carbon  coated  C-LiMno.67Feo.33P04  (Clariant,  Germany)  and 
LUTisO^  (Tl,  Clariant,  Germany).  LMFP  slurry  composition  was 
93.0  wt%  C-LMFP,  4.7  wt%  PVDF  and  2.3  wt%  carbon  black,  and  the 
LTO  slurry  composition  94.4  wt%  LTO,  2.8  wt%  PVDF  and  2.8  wt% 
carbon  black.  The  mixed  slurries  were  applied  on  aluminum  foil 
with  doctor  blade  technique  and  first  dried  at  room  temperature 
overnight  and  then  at  +60  °C  for  2  h.  Samples  of  18  mm  diameter 
were  cut  from  the  electrode  sheets  and  calendared  with  a 
2.75  t  cnrT2  pressure. 

2.2.  Test  cell  assembly 

Electrochemical  test  cells  (EL-Cell,  Germany)  of  18  mm  diameter 
were  used  to  test  the  electrode  materials.  The  calendared  electrode 
samples  and  all  cell  parts  were  first  dried  in  vacuum  at  +100  °C  for 
24  h.  The  cells  were  then  transferred  in  vacuum  to  an  argon-filled 
glove  box,  where  they  were  assembled.  A  0.65  mm  thick  glass  fi¬ 
ber  separator  of  18  mm  diameter  (provided  by  EL-Cell)  was  used. 
For  half-cell  experiments  the  counter  electrode  was  metallic 


lithium  (Sigma— Aldrich,  thickness  0.75  mm,  99.9%  trace  metals 
basis).  The  electrolyte  solution  was  received  from  European  Batte¬ 
ries  Ltd.  and  it  consisted  of  1  M  Li  PF{,  dissolved  in  a  quaternary 
mixture  of  ethylene  carbonate  (EC)  and  other  common  organic 
carbonates. 

2.3.  Electrochemical  measurements 

Electrochemical  testing  was  performed  using  a  Maccor  battery 
cycler  (Maccor  4300,  USA).  The  cut-off  voltages  for  cycling  are 
presented  in  Table  1.  To  be  consistent  with  a  full  lithium-ion  cell, 
the  lithiation  of  LTO  in  the  LTO/lithium  half-cells  is  referred  to  as 
charging.  The  nominal  capacities  were  calculated  based  on  the 
active  material's  mass  in  each  sample;  in  the  full  LMFP/LTO-cell  the 
LMFP  electrode  limited  the  nominal  capacity.  Before  the  potentio- 
metric  measurements,  the  actual  capacity  of  the  cells  was  deter¬ 
mined  with  a  slow  charge— discharge  cycle  at  0.03C  rate. 

The  potentiometric  measurements  were  carried  out  in  a  tem¬ 
perature  chamber  (ESPEC,  model  BTZ-175E),  using  active  air  cir¬ 
culation  for  constant  temperature  condition.  The  SOC  of  the  tested 
cell  was  adjusted  at  +20  °C  using  0.1C  current.  The  cell  was  defined 
to  be  at  100%  SOC  after  a  constant  current  charge  followed  by  a 
constant  voltage  charge  at  the  cut-off  voltage  until  the  current  was 
reduced  to  0.03C.  Similarly,  a  constant  current  discharge  followed 
by  a  constant  voltage  discharge  until  current  reduced  to  0.03C  was 
defined  as  0%  SOC.  When  the  cell's  SOC  was  adjusted,  it  was  left  to 
stabilize  for  20  h  at  +20  °C.  After  stabilization,  the  chamber  tem¬ 
perature  was  first  decreased  to  0  °C  for  2  h  and  then  increased  by 
10  °C  intervals  and  1.5  h  stabilization  time  until  +30  °C  was 
reached.  Finally  the  temperature  was  decreased  back  to  +20  °C  for 
2  h.  The  cell's  OCV  was  measured  and  registered  at  20  s  intervals 
and  the  average  value  of  the  recorded  OCVs  during  the  last  30  min 
of  each  temperature  was  taken  as  the  result.  The  same  test  regime 
was  repeated  at  different  SOCs. 

The  entropy  change  in  half-cells  was  measured  against  metallic 
lithium.  It  is  assumed,  that  neither  the  lithium  counter  electrode 
composition  nor  the  chemical  environment  of  the  lithium  atoms 
changes  during  the  cell  reaction  and  thus  the  entropy  change 
characteristics  as  function  of  SOC  are  attributed  to  the  changes  in 
LMFP  and  LTO  electrode  materials  32,36,37],  All  the  half-cell  en¬ 
tropy  change  values  are  presented  for  the  reduction  reaction  di¬ 
rection  in  this  work. 

3.  Results  and  discussion 

3.3.  Potential  profiles  of  LMFP  and  LTO 

The  LMFP  and  LTO  half-cell  voltages  measured  at  0.03C  rate 
prior  to  the  potentiometric  experiments  are  shown  in  Fig.  1.  For 
comparison,  corresponding  data  from  a  previous  study  for  LFP  and 
graphite  [29]  is  also  shown. 

As  shown  in  Fig.  1  a,  the  LMFP  electrode  potential  consists  of  two 
regions:  one  at  lower  3.5  V  vs.  Li/Li+  potential  corresponding  to  the 
Fe2+/Fe3+  redox  couple  and  one  at  higher  4.05  V  vs.  Li/Li+  potential 
corresponding  to  the  Mn2+/Mn3+  redox  couple.  It  is  seen  that  the 


Table  1 

Cut-off  voltages  for  cycling. 


Charge  cut-off  voltage/V 

Discharge  cut-off  voltage/V 

LMFP  half-cell 

4.25  (vs.  Li/Li+) 

2.7  (vs.  Li/Li+) 

(LMFP  vs.  lithium) 

LTO  half-cell 

1.2  (vs.  Li/Li+) 

1.9  (vs.  Li/Li+) 

(LTO  vs.  lithium) 

LMFP  vs.  LTO 

2.7 

1.2 
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Fig.  1.  Half-cell  voltage  (vs.  metallic  lithium)  as  a  function  of  SOC  at  0.03C  constant 
current,  (a)  LMFP  and  LFP  [29];  (b)  LTO  and  graphite.  [29], 


capacity  ratio  of  these  potential  regions  is  equivalent  to  the  Fe:Mn 
ratio  (1:2)  in  the  LMFP  material.  The  potential  values  differ  slightly 
from  the  theoretical  ones,  3.4  V  for  Fe2+/Fe3+  and  4.1  V  for  Mn2+/ 
Mn3+.  The  substitution  of  Mn  for  Fe  is  known  to  raise  the  Fe2+/Fe3+ 
redox  couple  potential  and  lower  the  Mn2+/Mn3+  redox  couple 
potential  38—40],  For  LMFP  materials  with  different  Fe:Mn  ratios,  a 
systematic  upward  shift  of  both  redox  potentials  with  increasing 
Mn  content  has  been  observed  38],  This  has  been  reported  to 
result  from  strong  Mn— O— Fe  coupling  interaction  ( superexchange ) 
[11,40,41  ],  and  from  changes  in  the  covalency  of  the  Fe/Mn— O  bond 
mainly  due  to  changes  in  the  lattice  parameters  and  Fe/Mn— O  bond 
lengths  [38,41], 

If  the  potential  profile  of  LMFP  is  investigated  more  in  detail,  it 
can  be  observed  that  the  Fe2+/Fe3+  region  actually  is  s-shaped  and 
the  Mn2+/Mn3+  region  flat.  This  is  inconsistent  with  the  Fe2+/Fe3+ 
couple  potential  behavior  in  LFP,  where  the  Fe2+/Fe3+  redox  reac¬ 
tion  proceeds  as  a  two-phase  reaction  between  LiFeP04  and  FeP04 
phases  [11].  The  reaction  mechanism  in  the  Fe2+/Fe3+  region  of 
LMFP  has  been  discussed  to  be  different.  Yamada  et  al.  [18,40]  first 
reported  that  a  single-phase  reaction  region  of  the  Fe2+/Fe3+  redox 
couple  appears  in  LMFP  materials.  As  lithium  is  extracted  from  the 
material,  a  partial  conversion  of  the  Fe2+/Fe3+  redox  reaction  from  a 
two-phase  to  a  single-phase  solid  solution  reaction  was  proposed. 
For  Mn  contents  of  y  >  0.60,  the  Fe2+/Fe3+  reaction  was  reported 
to  proceed  via  the  single-phase  mechanism,  described  as 
LixMn|+Feitj,P04  (1  >  x  >  y  and  2  <  a  <  3).  The  Mn2+/Mn3+  redox 
reaction  was  claimed  to  proceed  as  a  two-phase  reaction 
between  LiyMn2+Fe3iyP04  and  Mny+Fe3TyP04  phases  for  the  whole 
Mn2+/Mn3+  region. 


Partly  contradictory  results  and  phase  diagrams  have  however 
been  presented.  Bramnik  et  al.  [42]  proposed  a  two-phase  mecha¬ 
nism  for  the  Fe2+/Fe3+  redox  couple  in  LixMno.6Fe0.4P04,  and  found  a 
single-phase  region  only  in  the  intermediate  compositions 
(approximately  0.55  <  x  <  0.7),  where  the  Fe2+/Fe3+  redox  reaction 
is  changed  to  the  Mn2+/Mn3+  redox  reaction.  Similar  observations 
were  presented  by  Nam  et  al.  [43]  for  LixMno.sFeo.5P04  suggesting 
that  the  Fe2+/Fe3+  and  Mn2+/Mn3+  redox  reactions  would  proceed 
simultaneously  during  a  narrow  single-phase  region  (0.4  <  x  <  0.5). 
Also  Malik  et  al.  [44  calculated  a  narrower  single-phase  region  for 
the  Fe2+/Fe3+  redox  couple,  and  found  the  single-phase  region  to  be 
extended  to  the  Mn2+/Mn3+  region.  Roberts  et  al.  [45]  suggested 
two-phase  mechanisms  only  at  the  extremes  of  the  lithium  con¬ 
centrations  and  a  single-phase  mechanism  in  the  intermediate  re¬ 
gion,  and  Molenda  et  al.  [46,47  proposed  a  single-phase  mechanism 
at  all  lithium  concentrations  (1  >  x  >  0)  for  varying  Mn  contents. 
Lately  Hashambhoy  et  al.  [48]  reported  phase  behavior  results  for 
LiMno.5Feo.5P04  consistent  with  the  studies  of  Yamada  et  al.  [18,40], 

Although  various  phase  diagrams  have  been  proposed,  there 
seems  to  be  a  consistency  of  the  appearance  of  a  single-phase  re¬ 
gion  close  to  the  transition  between  Fe2+/Fe3+  and  Mn2+/Mn3+ 
redox  reactions  (x  =  y  in  LixMnyFei_yP04).  The  single-phase 
behavior  has  been  attributed  to  the  effect  of  Mn2+,  which  dilutes 
the  interactions  responsible  for  the  phase  separation  and  thus  the 
two-phase  reaction  behavior  of  Fe2+/Fe3+  in  LFP  [40,44].  The 
appearance  of  single-phase  regions  in  metal  phosphates  is  not  only 
affected  by  temperature  [44,49,50],  but  has  also  been  reported  to 
depend  on  particle  size  49,50]  and  the  means  of  lithium  extraction 
(chemical  vs.  electrochemical)  [46,47],  These  factors  probably 
partly  account  for  the  contradictory  phase  diagram  results. 

In  Fig.  la,  the  gap  between  the  charge  and  discharge  voltages  is 
much  smaller  in  the  Fe2+/Fe3+  region  than  in  the  Mn2+/Mn3+  re¬ 
gion,  that  is,  the  Fe2+/Fe3+  region  shows  less  polarization.  In 
addition,  the  polarization  in  the  Fe2+/Fe3+  region  of  LMFP  is  actu¬ 
ally  also  observed  to  be  smaller  than  in  pure  LFP.  However,  due  to 
differences  between  the  electrodes,  for  example  in  active  material 
particle  size,  the  comparison  cannot  be  made  with  full  accuracy, 
although  the  test  cell  construction  was  identical.  The  Fe2+/Fe3+  and 
Mn2+/Mn3+  redox  couples  have  been  demonstrated  to  show 
opposite  kinetic  behavior  as  function  of  increasing  Mn  content 
[38,44],  resulting  in  reduced  polarization  in  the  Fe2+/Fe3+  redox 
region  and  increased  polarization  in  the  Mn2+/Mn3+  redox  region. 

In  Fig.  lb,  the  LTO  potential  shows  a  flat  plateau  at  1.56  V  vs.  Li/ 
Li+.  This  corresponds  to  the  two-phase  reaction  between  the  end- 
compositions  of  Li4TisOi2  spinel  (0%  SOC)  and  LiyTisO^  rock  salt 
(100%  SOC)  [1,7,8],  The  additional  lithium  inserted  to  form  the  rock 
salt  Li7Ti50i2  occupies  different  positions  than  the  lithium  in  the 
spinel  Li4TisOi2  structure  [1,8],  The  existence  of  a  solid-solution 
region  in  LTO  has  been  a  controversial  issue.  Scharner  et  al.  [8] 
have  proposed  a  solid-solution  behavior  inside  the  SOC  range  of 
0—3%  in  the  spinel  Li4Ti5Oi2,  after  which  insertion  of  lithium-ions 
creates  a  two-phase  region  (LUTisO^/LiyTisO^).  Wagemaker  et  al. 
[51]  suggested  that  the  two-phase  system  would  actually  be  un¬ 
stable  above  100  K  temperatures  and  relax  through  lithium-ion 
diffusion  to  a  single-phase  solid-solution  composition  over  the 
whole  SOC  range,  when  given  time  to  reach  equilibrium.  However, 
when  current  is  applied  and  especially  at  higher  current  rates  the 
LTO  electrode  does  not  reach  equilibrium  and  relaxation  to  a  single¬ 
phase  composition  has  not  been  observed  [51,52],  In  this  work,  the 
sloping  potential  between  near  0%  SOC  and  the  sharp  transition 
point  at  approximately  3%  SOC  observed  in  Fig.  lb  indicate  a  solid- 
solution  behavior  at  the  applied  very  slow  0.03C  current  rate  inside 
the  0—3%  SOC  range. 

Compared  to  graphite,  LTO  has  a  very  flat  potential  curve  with 
less  polarization.  This  results  in  smaller  variation  of  the  cell  voltage 
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as  function  of  the  SOC  and  also  in  reduced  voltage  losses.  However, 
the  overall  cell  voltage  is  clearly  lowered  when  LTO  is  used  instead 
of  graphite. 

3.2.  Entropy  change  behavior  of  half-cells 

To  calculate  the  entropy  change  values,  the  average  value  of  the 
recorded  OCVs  for  the  last  30  min  of  each  measurement  tempera¬ 
ture  (0—30  °C)  was  taken  and  the  OCV  vs.  temperature  was  plotted 
for  every  SOC.  An  example  of  the  potentiometric  measurements 
and  the  corresponding  OCVs  as  function  of  temperature  is  shown  in 
Fig.  2.  The  entropy  change  was  obtained  according  to  Eq.  (4)  by 
calculating  it  from  the  slope  of  the  OCV  vs.  temperature  -plot.  The 
calculated  entropy  change  values  for  LMFP  are  presented  in  Fig.  3a 
and  for  LTO  in  Fig.  4a.  In  addition,  the  OCV  value  taken  from 
the  +20  °C  measurement  is  provided  for  each  SOC  in  the  figures. 
The  corresponding  measurements  for  LFP  (Fig.  3b)  and  graphite 
(Fig.  4b)  materials  from  a  previous  work  [29]  are  presented  for 
comparison. 

In  pure  LFP,  the  Fe2+/Fe3+  redox  reaction  proceeds  via  a  two- 
phase  mechanism,  where  only  the  ratio  of  phases  filled  with 
lithium  (LiFeP04)  and  empty  of  lithium  (FePOJ  changes,  but  the 
phase  compositions  and  the  degree  of  ordering  remain  the  same  as 
more  lithium-ions  are  added/extracted.  This  is  seen  as  a  nearly 
constant  entropy  change  of  LFP  in  Fig.  3b.  In  the  Mn2+/Mn3+  redox 
region  of  LMFP,  a  rather  similar  behavior  to  pure  LFP  is  observed, 
showing  a  nearly  constant  entropy  change  value  especially  inside 
50—100%  SOC,  further  away  from  the  Fe— Mn  transition  region. 
According  to  Yamada  et  al.  [18,40],  the  Mn2+/Mn3+  redox  region 


proceeds  entirely  as  a  two-phase  reaction  between  the  phases  filled 
with  lithium  (Lio.67Feo.33Mno.67P04)  and  empty  of  lithium 
(Feo.33Mno.67P04).  Particularly,  when  compared  to  LFP 

[29.32.35.50] ,  it  is  suggested  that  the  entropy  change  behavior  of 
Mn2+/Mn3+  redox  reaction  in  LMFP  indicates  two-phase  behavior, 
at  least  above  50%  SOC.  Slightly  sloping  entropy  change  profile  as 
function  of  SOC  is  observed  for  the  Mn  region.  This  trend  has  been 
observed  for  LFP  [29,35  ,  too.  For  some  LFP  materials,  existence  of 
single-phase  regions  near  the  end  compositions  has  been  sug¬ 
gested  [50],  These  regions  have  been  proposed  to  result  in  sharp 
changes  and  a  sloping  profile  in  entropy  change  measurements 

[35.50] ,  Thus  the  more  sloping  entropy  change  profile  near  the 
Fe— Mn  transition  could  originate  from  a  single-phase  behavior, 
extending  to  the  Mn2+/Mn3+  region. 

In  the  Fe2+/Fe3+  redox  region  and  during  the  Fe— Mn  transition 
of  LMFP,  however,  the  entropy  change  behavior  is  distinctly 
different  from  pure  LFP  and  from  typical  two-phase  reaction 
behavior.  The  entropy  change  is  negative  in  sign  throughout  the  Fe 
region,  and  decreases  to  more  negative  values  as  more  lithium-ions 
are  added  to  the  structure  (decreasing  SOC).  The  +20  °C  OCV  values 
also  show  a  clearly  sloping  profile  inside  0—35%  SOC.  Also  a  sudden, 
sharp  peak  of  negative  entropy  change  is  observed  at  SOC  =  32.5%, 
where  the  OCV  is  very  steeply  changing,  too.  However,  the  recorded 
OCV  vs.  time  at  SOC  =  32.5%  showed  an  unstable  behavior  of 
continuous  downward  drift.  Thus  the  entropy  change  result  can 
only  be  taken  as  an  approximate  value  and  is  plotted  with  dashed 
line  in  Fig.  3a.  This  observation  will  be  discussed  more  in  detail  in 
Section  3.3. 

According  to  Yamada  et  al.  [18,40],  in  the  LMFP  material  studied 
here  (Mn  content  y  =  0.67),  the  Fe2+/Fe3+  redox  reaction  would 
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Fig.  2.  (a)  Potentiometric  measurement  (OCV  vs.  time);  (b)  the  corresponding  linear 
fitting  (OCV  vs.  temperature,  R 2  =  0.995)  for  LMFP  half-cell  at  25%  SOC. 
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Fig.  4.  Entropy  change  and  OCV  at  +20  °C  for  the  (a)  LTO;  (b)  graphite  [29]  half-cell. 

proceed  entirely  as  a  single-phase  reaction  having  the  composition 
of  Lix(Mnol;7Feoj33)P04  (1  >  x  >  0.67,  2  <  a  <  3).  This  could  explain 
the  distinct,  sloping  behavior  of  the  Fe2+/Fe3+  region  entropy 
change.  As  the  SOC  is  decreased  towards  0%  SOC,  the  single-phase 
Lix(Mnoi;7Feoj33)P04  would  show  more  negative  entropy  change 
values  implying  increased  ordering  as  the  composition  approaches 
LiMnojj7Feo.^3P04  structure  with  all  lithium  sites  filled. 

The  appearance  of  a  sharp  peak  in  the  entropy  change  at  32.5% 
SOC  is  attributed  to  the  Fe— Mn  transition.  For  this  region,  single¬ 
phase  behavior  has  been  proposed  in  the  literature  [18,40,42—48] 
and  the  sharp  entropy  change  supports  this.  The  negative  value  of 
the  peak  implies  a  sudden  ordering  in  the  lattice.  If  the  results  of 
Yamada  et  al.  [18,40]  are  again  considered,  the  sharp  peak  would  be 
due  to  the  state  where  the  two-phase  Mn2+/Mn3+  region  is  in  its 
end  composition,  Lio.67Mnoi;7FeoS3P04,  and  the  addition  of  lithium- 
ions  leads  to  the  solid-solution  region  formation.  This  particular 
composition  is  speculated  here  to  show  a  high  degree  of  ordering, 
similar  to  a  completely  full  or  empty  lattice. 

The  entropy  change  behavior  measured  by  Dodd  [35]  for  an 
LMFP  material  with  a  lower  Mn  content  y  =  0.2  (in  this  study 
y  =  0.67)  is  for  the  most  part  in  line  with  the  results  presented  here, 
as  the  different  Mn  contents  are  taken  into  account.  The  Mn2+/ 
Mn3+  region  in  the  measurement  by  Dodd  is  more  difficult  to 
interpret,  as  it  is  much  narrower  due  to  the  lower  Mn  content. 
However,  positive  entropy  change  values  were  observed.  If  the 
phase  diagrams  proposed  by  Yamada  et  al.  [18,40]  are  considered, 
Mn  content  of  y  =  0.2  should  result  in  a  division  of  the  Fe2+/Fe3+ 
region  to  two-phase  and  single-phase  areas.  Dodd  measured  a 
somewhat  sloping  profile  for  the  Fe2+/Fe3+  region  and  proposed  a 
possible  single-phase  region,  observed  as  a  sloping  entropy  change 
profile,  only  in  the  intermediate  SOCs  of  the  Fe2+/Fe3+  region  and 


not  reaching  to  the  Fe— Mn  transition  region.  Near  the  Fe— Mn 
transition,  a  sharp  change  in  the  entropy  change  profile  was  re¬ 
ported,  which  confirms  our  results.  In  addition,  Dodd  observed 
sharp  spikes  near  0%  and  100%  SOC,  which  were  attributed  to 
single-phase  regions.  This  is  different  from  the  results  obtained 
here,  but  could  be  explained  again  by  the  solid  solution  depen¬ 
dence  on  particle  size  and  also  on  the  Mn  content. 

When  the  entropy  change  behavior  of  Fe2+/Fe3+  region  in  LMFP 
is  compared  to  pure  LFP,  there  is  a  clear  difference  in  the  entropy 
change  behavior,  caused  by  the  partial  substitution  of  Mn  for  Fe. 
Further  studies  are  needed  to  conclude  whether  this  is  due  to  a 
single-phase  reaction  over  the  entire  Fe2+/Fe3+  redox  reaction  or 
just  near  the  Fe— Mn  transition,  or  if  there  is  some  other  factor 
inducing  the  different  entropy  change  behavior.  Measurements 
with  various  Mn  contents  and  concurrent  phase  diagram  studies 
are  needed  to  be  able  to  unambiguously  tell  the  effect  of  reaction 
mechanism  on  the  entropy  change  behavior. 

It  is  shown  in  Fig.  4a  that  the  LTO  entropy  change  remains 
constant  in  the  SOC  range  of  5—100%,  being  only  slightly  negative. 
This  is  typical  behavior  for  a  two-phase  reaction.  Compared  to 
graphite  (Fig.  4b),  the  entropy  change  of  LTO  is  closer  to  zero,  and 
there  is  no  staging  phenomenon  of  multiple  phases. 

At  SOCs  smaller  than  5%,  the  entropy  change  of  LTO  shows  clearly 
positive  values  and  a  sloping  profile.  In  addition,  the  +20  °C  OCV 
values  inside  this  region  are  higher  when  compared  to  the  constant 
profile  inside  5—100%  SOC.  We  suggest  that  the  distinct  entropy 
change  behavior  near  0%  SOC  could  be  related  to  a  single-phase  solid- 
solution  region,  proposed  by  Scharner  et  al.  [8]  to  exist  at  0—3%  SOC. 
At  5%  and  10%  SOC,  the  OCV  vs.  temperature  curves  showed  peculiar 
hysteresis,  which  will  be  discussed  later  in  Section  3.3. 

The  positive  peak  in  entropy  change  close  to  0%  SOC  implies 
increased  disorder,  when  lithium  is  inserted  to  the  LTO  lattice 
(increasing  SOC  in  Fig.  4a).  Similar  behavior  is  observed  for 
graphite,  where  the  dilute  stage-1  of  random  intercalation  without 
two-phase  region  is  seen  as  positive  entropy  change  peak  inside 
0—10%  SOC  range  [29,36,37,53  .  An  empty  lattice  can  be  considered 
to  be  very  ordered,  and  adding  a  few  lithium-ions  creates  clearly  a 
more  disordered  state  [53,54],  Here  the  LLfTisO^  spinel  structure  is 
considered  as  an  ordered  state,  as  the  added  lithium-ions  are 
inserted  in  different  sites. 

Viswanathan  et  al.  [32]  and  Lu  et  al.  [34]  have  studied  the  en¬ 
tropy  change  of  LTO.  Viswanathan  et  al.  [32]  measured  the  entropy 
change  potentiometrically,  whereas  Lu  et  al.  [34]  used  a  calori¬ 
metric  method.  Compared  to  the  results  presented  here,  they  have 
measured  a  very  identical  trend  of  the  entropy  change  as  function 
of  the  SOC,  showing  a  positive  peak  near  0%  SOC  and  being  almost 
constant  and  slightly  negative  at  higher  SOCs  for  the  reduction 
reaction  direction.  However,  Lu  et  al.  [34]  measured  a  sharp  nega¬ 
tive  peak  in  the  entropy  change  near  100%  SOC.  It  is  to  be  noticed 
that  they  cycled  the  LTO  half-cell  to  a  very  low  potential,  0.2  V  vs.  Li/ 
Li+,  which  could  have  caused  side  reactions,  as  the  potential  is 
outside  the  electrolyte  stability  window.  Voltage  variations  below 
1.0  V  vs.  Li/Li+  and  signs  of  a  new  phase  formation  were  observed  in 
their  study.  In  this  study,  the  cycling  potential  range  was  restricted 
to  1.2— 1.9  V  vs.  Li/Li+  to  avoid  any  side  reactions  or  formation  of 
new  phases,  and  no  peaks  in  entropy  change  were  measured  near 
100%  SOC,  as  shown  in  Fig.  4a.  Lu  et  al.  34]  attributed  the  small 
absolute  value  of  the  entropy  change  to  the  almost  zero  change  in 
the  unit  cell  parameters  during  the  two-phase  transition. 

3.3.  Special  features  and  sources  of  error  in  the  potentiometric 
measurements  of  half-cells 

For  most  of  the  measurements  only  a  tolerable  shift  of 
maximum  0.5  mV  in  the  OCV  was  observed  between  the 
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measurements  at  +20  °C  before  and  after  the  temperature  ramp 
(Fig.  2).  However,  a  slightly  increasing  OCV  was  observed  at  1%  SOC 
for  both  LMFP  and  LTO,  and  additionally  at  50—90%  SOCs  for  the 
LMFP  material.  At  1%  SOC  of  LMFP  and  LTO,  the  OCV  was  continu¬ 
ously  shifting  to  higher  values,  but  the  increase  became  empha¬ 
sized  during  the  +30  °C  measurement.  Inside  the  50—90%  SOC 
range  in  LMFP,  an  upward  shift  in  the  OCV  value  was  observed  only 
during  the  +30  °C  measurement.  The  increase  in  OCV  implies  mi¬ 
nor  losses  of  lithium-ions  from  the  LMFP  and  LTO  electrode  mate¬ 
rial  lattices,  which  is  accelerated  at  elevated  temperatures.  The 
impact  of  this  was  studied  by  determining  the  shift  in  OCV  and 
using  it  for  correcting  the  OCVs  recorded  at  +30  °C.  The  shift  was 
assumed  to  grow  linearly  during  the  +30  °C  measurement  and  it 
was  correspondingly  subtracted  from  the  measured  values.  Also  the 
entropy  change  based  on  the  measurement  range  of  0— +20  °C 
without  the  +30  °C  measurement  was  determined.  It  was  however 
observed  that  correcting  for  the  OCV  shift  did  not  affect  the 
calculated  entropy  change  values  significantly.  Thus  the  entropy 
change  values  for  these  SOCs  were  calculated  using  all  the  mea¬ 
surement  points  0— +30  °C  without  corrections.  Nevertheless,  the 
minor  loss  of  lithium  from  LMFP  in  the  Mn  region  suggests  a 
somewhat  more  unstable  structure  compared  to  the  Fe  region, 
possibly  also  promoted  by  the  higher  potential  of  the  Mn  plateau. 
Indeed,  minor  Mn  dissolution  from  LMFP  materials  at  elevated 
temperatures  has  been  observed  [19,28], 

Especially,  near  the  transition  point  from  Fe2+/Fe3+  region  to  the 
Mn2+/Mn3+  region  of  LMFP  (at  SOC  =  32.5%)  an  unstable  OCV 
behavior  was  observed,  showing  a  clear  and  distinct  downward 
drift  of  3  mV.  At  30%  and  35%  SOCs  the  same  effect  was  seen  but 
only  in  the  tolerable  order  of  1  mV.  As  the  OCV  value  decreases  with 
time,  the  reason  cannot  be  loss  of  lithium  from  the  LMFP  lattice,  as 
that  would  lead  to  an  increased  OCV.  Thus  no  correction  to  OCV  due 
to  loss  of  lithium  was  made.  The  unstable  OCV  behavior  is  attrib¬ 
uted  here  to  the  transition  from  the  Fe2+/Fe3+  to  the  Mn2+/Mn3+ 
redox  reaction. 

In  LTO  half-cells,  the  5%  and  10%  SOC  measurement  points 
showed  a  hysteresis  in  the  OCV  vs.  temperature  behavior.  Thus 
additional  potentiometric  measurements  were  conducted  at  2%,  5% 
and  10%  SOC  over  a  wider  temperature  range  (-10  °C  to  +25  °C) 
with  OCV  values  recorded  after  eveiy  5  °C  temperature  increment. 
Stabilization  after  the  SOC  adjustment  was  again  performed 
at  +20  °C  for  20  h.  The  results  are  presented  in  Fig.  5,  where  an 
example  of  the  measured  OCV  vs.  temperature  plots  at  5%  SOC  is 
shown.  The  corresponding  measurement  at  2%  SOC  is  shown  in  the 
inset  for  comparison.  Linear  fittings  of  the  different  regions  are 
drawn  as  guides  for  eye.  As  the  temperature  is  first  increased 
(from  -10  °C  to  +25  °C),  it  is  observed  in  Fig.  5  that  the  slope  of  the 
OCV  vs.  temperature  curve  at  5%  SOC  is  first  positive,  corresponding 
to  a  positive  entropy  change  value,  but  then  turns  to  negative,  cor¬ 
responding  to  a  negative  entropy  change  value.  Similarly,  when  the 
temperatures  are  scanned  back  (from  +25  °C  to  -10  °C),  the  slope  is 
again  first  positive  turning  then  to  negative.  The  temperatures  were 
also  scanned  in  reverse  order  and  using  a  doubled  measurement 
time  at  each  temperature  (results  not  shown  here),  but  the  behavior 
corresponded  to  Fig.  5.  When  the  same  experiments  were  done  at 
10%  SOC,  a  similar  hysteresis  was  observed  but  it  was  less  distinct. 
When  the  measurements  at  2%  and  5%  SOC  are  compared,  it  is  seen 
that  the  2%  SOC  does  not  show  any  hysteresis  but  maintains  the 
positive  slope  for  the  whole  temperature  range  in  both  directions. 
Loss  of  lithium  from  the  LTO  lattice  cannot  have  produced  the 
change  of  the  slope  as  it  would  have  only  caused  a  constant  increase 
in  the  OCV  values.  In  this  study,  the  negative  slope  was  taken  to 
represent  the  entropy  change  at  5%  and  10%  SOC,  according  to  the 
majority  of  measurement  points.  The  entropy  change  value  was 
calculated  as  average  from  repetition  measurements,  to  minimize 


Fig.  5.  OCV  vs.  temperature  of  the  LTO  half-cell  at  5%  SOC  with  temperatures  scanned 
from  -10  °C  to  +25  °C  and  back  to  -10  ”C.  Corresponding  measurement  at  2%  SOC  is 
shown  in  the  inset. 

the  effect  of  possible  slight  inaccuracy  in  the  SOC.  Additionally,  it  is 
suggested  by  the  voltage  profile  in  Fig.  lb  and  proposed  in  literature 
[8]  that  the  5%  and  10%  SOC  are  already  in  the  two-phase  region 
similar  to  the  higher  SOCs,  which  show  negative  entropy  change 
values.  Based  on  these  observations,  it  is  speculated  here  that  the 
5—10%  SOC  range,  although  in  the  two-phase  region,  might  show 
here  residues  of  the  possible  solid-solution  region  (located  near  0% 
SOC).  This  would  have  caused  the  distinct  hysteresis  in  the  OCV  vs. 
temperature  behavior  at  5%  and  10%  SOC.  Wagemaker  et  al.  [51] 
proposed  that  the  two-phase  composition  is  unstable  relaxing  to 
solid-solution  single  phase,  which  could  affect  potentiometric 
measurements  when  relatively  long  stabilization  and  measurement 
times  are  used.  However,  the  results  of  this  study  in  Figs.  4a  and  5  do 
not  support  this.  The  hysteresis  phenomenon  should  be  in  any  case 
studied  more  in  detail  to  explain  it  reliably. 

3.4.  Comparison  of  full  cell  and  half-cell  entropy  change  results 

The  entropy  change  of  an  LMFP/LTO  full  cell  was  measured 
similarly  to  the  half-cells.  The  measured  values  are  compared  with 
simulated  entropy  change  values,  calculated  from  the  half-cell  re¬ 
sults  according  to  Eq.  (2).  LTO/LMFP  ratio  of  the  full  cell  was  1.24, 
which  is  taken  into  account  in  the  calculations.  The  comparison  is 
shown  in  Fig.  6.  The  OCV  value  taken  from  the  +20  °C  measurement 
of  the  LMFP/LTO  full  cell  is  plotted  for  each  SOC. 


Fig.  6.  Comparison  of  measured  (full  cell)  and  calculated  (based  on  half-cell  results) 
entropy  change  values.  In  addition,  the  OCV  values  at  +20  °C  for  the  full  cell  are 
plotted. 
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According  to  Fig.  6,  the  measured  entropy  change  of  an  LMFP/ 
LTO  test  cell  corresponds  well  to  the  predicted,  calculated  values 
based  on  half-cell  measurement  data.  Slight  variation  is  seen  in  the 
absolute  values,  but  the  trend  is  very  similar.  It  is  also  observed  that 
there  is  a  slight  shift  along  the  SOC-axis,  which  is  due  to  the  con¬ 
sumption  of  active  lithium  in  side  reactions,  distorting  the  SOC 
values  of  the  full  cell  to  some  extent.  In  half-cells,  there  is  an  infinite 
amount  of  lithium-ions  but  in  full  cells,  all  the  active  lithium  is 
brought  to  the  cell  with  the  LMFP  material  and  its  amount  is  thus 
limited.  This  distortion  of  the  SOC  values  is  also  seen  as  slight 
inconsistency  between  the  adjacent  entropy  change  and  OCV 
values  near  30%  SOC.  The  result  presented  in  Fig.  6  confirms  the 
half-cell  results  and  also  shows  that  the  use  of  lithium  counter 
electrode  has  not  interfered  with  the  measured  entropy  change 
values.  Also  here  in  the  full  cell  entropy  change,  a  negative  peak  is 
observed  at  approximately  31%  SOC.  This  corresponds  to  the 
negative  entropy  change  peak  observed  for  LMFP  material  at  32.5% 
SOC.  At  this  point,  an  abrupt  change  in  the  +20  °C  OCV  value, 
characteristic  for  the  Fe— Mn  transition  region,  is  observed,  too. 

3.5.  Simulated  entropy  change  of  different  electrode  material 
combinations 

To  simulate  the  entropy  change  of  different  cell  chemistries, 
half-cell  results  were  utilized.  The  entropy  change  of  a  particular 
electrode  combination  was  calculated  according  to  Eq.  (2)  from  the 
corresponding  half-cell  results.  The  calculated  entropy  changes  for 
different  combinations  of  LMFP  or  LFP  positive  electrodes  and  LTO 
or  graphite  negative  electrodes  are  presented  in  Fig.  7.  Negative/ 
positive  electrode  ratios  were  taken  to  be  1.  The  data  for  LFP  and 
graphite  electrodes  was  taken  from  a  previous  study  [29], 

According  to  Fig.  7,  the  net  entropy  change  would  be  closest  to 
zero  for  a  cell  with  an  LFP  positive  and  an  LTO  negative  electrode 
(Fig.  7a).  The  entropy  changes  of  LFP  for  reduction  and  LTO  for 
oxidation  are  nearly  equal  in  magnitude  but  opposite  in  sign,  and 
thus  they  cancel  each  other  out  giving  a  net  entropy  change  close  to 
zero  when  these  materials  are  combined  in  a  cell.  Thus  for  this 
combination,  the  variation  in  the  cell's  heat  generation  over  the 
whole  SOC  range  would  be  the  smallest  due  to  the  smallest 
reversible  heat  generation  rate.  LMFP/LTO  combination  shows 
slightly  more  variation  in  entropy  change  as  the  beneficial  effect  of 
the  positive  and  negative  electrode  entropy  changes  is  smaller  due 
to  the  almost  net  zero  entropy  change  of  the  Mn  region  and  the 
more  negative  and  sloping  entropy  change  of  the  Fe  region.  Ac¬ 
cording  to  the  study  of  Viswanathan  et  al.  [32],  cells  with  LCO 
positive  electrode  show  significantly  high  absolute  values  of  the  net 
entropy  change  due  to  the  large  magnitude  of  the  entropy  change 
of  LCO.  Compared  to  this,  the  entropy  change  of  LMFP  is  much 
smaller  in  magnitude,  thus  resulting  in  smaller  net  entropy  change 
for  LMFP  based  cells. 

Cells  containing  a  graphite  negative  electrode  show  a  region  of  a 
clearly  positive  entropy  change  in  the  intermediate  SOC  range 
(Fig.  7b).  This  positive  entropy  change  for  the  full  cell  is  due  to  the 
graphite's  stage-2L  «->  stage-2  -  transition  [29].  The  positive  en¬ 
tropy  change  leads  to  a  cooling  effect  during  discharge  and 
respectively  additional  heat  production  during  charge  [29],  Com¬ 
binations  with  LTO  negative  electrode  do  not  have  this  feature,  as 
the  entropy  change  of  LTO  is  almost  constant  when  the  SOCs  close 
to  0%  are  not  considered.  This  means  that  there  is  overall  less  heat 
variation  for  cells  with  LTO  negative  electrode.  Lu  et  al.  [34] 
compared  the  thermal  behavior  of  cells  consisting  of  LTO  or 
mesocarbon-microbead  (MCMB)  graphite  with  Lii.i56Mni.84404 
(LMO)  positive  electrode.  They  showed  that  the  LTO  negative 
electrode  cell  had  a  smaller  and  more  constant  entropy  change,  and 
thus  also  less  heat  variation  in  the  cell.  This  is  well  consistent  with 


soc  /  % 

Fig.  7.  Calculated  entropy  change  for  different  combinations  of  LMFP  or  LFP  positive 
and  LTO  or  graphite  negative  electrodes  based  on  half-cell  measurements.  Data  for  LFP 
and  graphite  is  taken  from  a  previous  study  [29],  (a)  LMFP/LTO  and  LFP/LTO;  (b)  LMFP/ 
graphite  and  LFP/graphite. 

the  half-cell  calculations  of  this  study.  Viswanathan  et  al.  32]  also 
came  to  this  conclusion. 

Inside  the  0—10%  SOC  range,  the  entropy  change  is  strongly 
negative  for  all  combinations  and  especially  for  those  with  graphite 
negative  electrode.  This  means  that  discharging  the  cells  to  empty 
evolves  heat,  as  was  already  concluded  for  the  LFP/graphite  com¬ 
bination  [29],  Thus  extra  thermal  stress  can  be  avoided  it  the  cells 
are  not  discharged  to  completely  empty,  but  always  left  to  mini¬ 
mum  of  10%  SOC,  for  example. 

4.  Conclusions 

In  this  work,  the  entropy  change  for  LMFP  (LiMno.67Feo.33P04) 
and  LTO  materials  was  determined  as  function  of  SOC,  and  the 
obtained  values  were  compared  to  LFP  and  graphite  from  a  previ¬ 
ous  study.  Also  the  entropy  change  for  cells  of  different  electrode 
material  combinations  was  simulated  by  using  half-cell  results. 

For  LMFP,  the  entropy  change  was  found  to  follow  the  distinct 
redox  reaction  regions  of  Fe2+/Fe3+  and  Mn2+/Mn3+.  The  entropy 
change  in  Fe2+/Fe3+  region  is  clearly  affected  by  the  addition  of  Mn 
to  the  olivine  structure.  The  difference  could  be  due  to  the  changed 
mechanism  of  the  Fe2+/Fe3+  redox  reaction,  from  the  two-phase 
reaction  in  pure  LFP  to  a  single-phase  solid-solution  reaction  in 
LMFP.  The  Mn2+/Mn3+  region  shows  a  rather  constant  entropy 
change  behavior,  resembling  more  a  two-phase  reaction  at  least  at 
higher  SOCs.  Near  the  transition  between  Mn2+/Mn3+  and  Fe2+/ 
Fe3+  redox  reactions,  unstable  OCV  behavior  and  a  sharp  peak  in 
the  entropy  change  were  observed,  suggesting  a  single-phase 
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region  existence.  Further  studies  with  concurrent  phase  diagram 
detection  should  be  performed  in  order  to  conclude  with  unam¬ 
biguity  how  the  entropy  change  behavior  reflects  the  two-phase 
versus  single-phase  mechanisms.  As  the  Mn  content  of  LMFP  has 
been  proposed  to  significantly  affect  the  existence  of  single-phase 
regions,  measurements  on  LMFP  materials  with  various  Mn  con¬ 
tents  should  be  conducted. 

The  entropy  change  of  LTO  showed  a  slightly  negative  and 
almost  constant  value  inside  the  SOC  range  of  5—100%,  typical  of  a 
two-phase  reaction.  In  the  0—5%  SOC  range,  a  positive  peak  in  en¬ 
tropy  change  was  observed,  which  could  be  due  to  a  single-phase 
solid  solution  region.  The  entropy  change  of  LTO  should  still  be 
studied  further  inside  the  0—5%  SOC  range  in  terms  of  the  possible 
single-phase  existence. 

The  simulated  entropy  change  values  for  different  electrode 
material  combinations  were  compared  and  LFP/LTO  combination 
showed  a  net  entropy  change  closest  to  zero.  This  was  due  to  the 
beneficial  effect  of  the  individual  entropy  change  values  of  LFP  and 
LTO,  which  cancel  each  other  out  for  the  most  part.  The  entropy 
change  of  LMFP,  although  close  to  zero  for  the  Mn  region,  is  slightly 
less  beneficial.  On  the  negative  electrode  side,  cells  with  LTO  show  a 
smaller  absolute  net  entropy  change  when  compared  to  graphite. 

All  studied  combinations  have  a  notable,  negative  net  entropy 
change  in  the  SOCs  of  0—10%.  In  practice  this  will  lead  to  extra  heat 
production  during  discharge  inside  this  SOC  range.  For  many  ap¬ 
plications,  only  a  part  of  the  entire  0—100%  SOC  range  is  utilized  and 
by  avoiding  the  0—10%  SOC  range  extra  heat  production  and  thus 
thermal  stress  could  be  diminished.  Knowledge  of  the  entropy 
change  characteristics  of  new,  promising  electrode  materials  is 
important  for  predicting  the  cell  thermal  behavior  and  designing 
the  battery  cooling  system. 

The  LMFP/LTO  combination  seems  to  be  a  very  promising  choice 
for  large  applications,  as  it  is  very  safe  and  still  able  to  provide  a 
good  energy  density.  In  terms  of  cell's  thermal  behavior,  an  LMFP/ 
LTO  cell  shows  smaller  absolute  net  entropy  change  and  thus  less 
reversible  heat  generation  than  LCO  32]  or  graphite  based  cells. 
LFP/LTO  combination  would  be  slightly  more  beneficial  in  terms  of 
minimizing  the  reversible  heat  generation,  but  the  cell  voltage  and 
thus  the  energy  density  can  be  substantially  increased  by  using 
LMFP  instead  of  LFP. 
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